We have systematically explored the magnetoelectric (ME) coupling effect of Co/BiFeO 3 multiferroic heterostructured nanodot arrays, fabricated by the anodic aluminum oxide template method. Piezoresponse hysteresis loops of these nanodots demonstrate a significant enhancement of the ME coupling effect. More intriguingly, we have realized a magnetic domain transformation from an initial single-domain state to a vortex state by applying a regional or local voltage, and the single-domain state can be recovered by using an external in-plane magnetic field. Our results will guide the invention of high-density, energyefficient, non-volatile multifunctional ME microdevices.
The family of multiferroic magnetoelectric (ME) materials, which accommodates both electric and magnetic orders, has been receiving increasing interest from the research community due to their wide range of applications in the micro-electronic industry, including ME sensors, 1 logical devices, 2 and nonvolatile random access memories (RAMs). 3 Recently, numerous material systems have been experimentally proved to show the ME coupling effect, including vertical structures (denoted 1-3 structures), 4 multilayered films (denoted 2-2), 5 multiferroic tunnel junctions (denoted 0-0), 6 and others. [7] [8] [9] [10] [11] Among them, the multilayered heterostructures are of particular appeal because they possess a relatively high ME performance, small substrate clamping effect, and high operational temperatures. [12] [13] [14] Here, we design and fabricate a vertical Co/BiFeO 3 (Co/BFO) heterostructure to rationally achieve a good ME performance. In this structure, BFO is chosen to be the ferroelectric layer because it is a well-known room-temperature single-phase multiferroic material with large ferroelectric polarization that brings a large strain. [15] [16] [17] Meanwhile, Co is selected as the ferromagnetic layer to obtain a sensitive strain-magnetism response due to its large magnetostriction. 18 Furthermore, we fabricate the heterostructure into nanodot arrays to meet the high-density storage requirements. More intriguingly, the nanodot arrays result in a further enhancement of the ME coupling effect because in such a highly geometrically confined structure, the atomic-level mechanical coupling is significantly improved and the substrate clamping, which hampers the ME coupling in multiferroic composite films, is suppressed. 19 As a result, a notable enhancement of ME coupling is observed in the nanodot arrays. Based on the significant ME coupling, we further realize a transformation from single-domain to the vortex in the nanodots by implementing either a regional or local voltage. These results provide an opportunity to realize the high-density, non-volatile ME devices.
The ordered Co/BFO epitaxial nanodot array is fabricated by pulsed laser deposition (PLD) through an ultrathin nanoporous anodic aluminum oxide (AAO) membrane template. 20 In Fig. 1(a) , we present a schematic diagram to illustrate the details of the fabrication process. First, the (Ca,Ce)MnO 3 (CCMO) bottom electrode layer and BFO films were grown on a LaAlO 3 (LAO) substrate using PLD at an ambient temperature of 640 C and an oxygen pressure of 15 Pa. Then, an ultrathin AAO membrane with a pore size of 300 nm is transferred onto the BFO film [see the left panel in Fig. 1(a) ]. Subsequently, the Co layer is deposited by thermal evaporation at a low oxygen pressure ranging from 1 Â 10 3 to 2 Â 10 3 Pa at room temperature [see the middle panel of Fig. 1(a) ]. In this process, a thin Au layer is deposited on top of the Co nanomagnets to protect the Co nanodots from oxidation under the fabrication conditions. Finally, by mechanically or chemically lifting off the AAO mask, we can obtain a well-ordered Co nanodot array [see the right panel of Fig. 1(a) ]. Figure 1(b) shows the surface topography of the heterostructure visualized by atomic force microscopy (AFM). One can observe that the Co pillars are arranged periodically on the BFO, and their corresponding sizes range from 300 to 330 nm. These features suggest that the well-ordered epitaxial Co-pillars are in high quality. To establish the orientation of the heterostructured nanodots, we have measured the XRD diffractogram along the out-of-plane direction of the sample. The diffraction peaks from LAO (002), CCMO (002), BFO (002), and Co (111) clearly demonstrate that the normal direction of LAO, CCMO, and BFO is along the [001]-axis and the normal direction of the Co layer is along the [111]-axis. We also measure the reciprocal space map (RSM) to determine the lattice parameters [see Fig. 1(d) ]. The corresponding lattice constants of CCMO and BFO are established to be 0.369 nm and 0.465 nm, respectively, agreeing well with previous reports. 21 We have further measured the ferroelectricity of the heterostructure (see supplementary material Fig. S1 ). The well-defined saturated phase-voltage hysteresis loop and butterfly-like amplitude-voltage hysteresis loop suggest that its ferroelectricity is good, laying a good material platform for further investigations.
Hereafter, we investigate the ME coupling effect of the heterostructure by using piezoresponse force microscopy (PFM) to measure the piezoresponse characteristics before and after applying an in-plane magnetic field of 3000 Oe (see Fig. 2 ). By comparing piezoresponse hysteresis loops with and without an external in-plane magnetic field of 3000 Oe, one can observe that the average phase-contrast curves of switching are close to 180 (see the upper panel of Fig. 2 ), which suggests that a polarization reversal occurs in the heterostructure. Moreover, under a zero magnetic field, we find that the maximum PFM amplitude is 125 pm with a coercive voltage of 5 V (see the lower panel of Fig. 2 ). After the application of an in-plane magnetic field of 3000 Oe, the maximum PFM amplitude increases to 175 pm, and meanwhile, the corresponding coercive voltage increases to 6 V. These properties clearly show that the magnetic field affects the electrical properties of the heterostructure and hence imply a strong ME coupling in the heterostructure.
To analyze the ME coupling quantitatively, we next calculated the ME coupling coefficient a 31 of the heterostructure by using Xie's method based on the physical parameters obtained above. 22 The ME coupling coefficient a 31 can be expressed by the equation: a 31 ¼ VDu=uD Á DH 1 , where V is the driving AC voltage that is used to induce piezoelectric vibration, and here, V is fixed to be 1 V; u is the measured piezoresponse displacement, and here, u is 125 pm, obtained from the amplitudevoltage loop in the remnant state when the voltage is equal to zero; Du is the displacement change with and without the magnetic field and possesses a fixed value of 50 pm; D is the measured nanodot thickness and is equal to 20 nm; DH 1 is the variation of the magnetic field, and here, DH 1 is 3000 Oe. Based on the established physical parameters, the value a 31 can be calculated to be 6.7 Â 10 4 mV/cm Oe. It should be noted here that we obtain a similar value of a 31 in other regions of the heterostructure, which suggests that our results are reasonable (see supplementary material Fig. S2 ). The ME coefficient of the Co/ BFO epitaxial nanodot array is two orders of magnitude higher than the quasi (0-3) type composite films 22 and nearly two times higher than that of the CoFe 2 O 4 (CFO)-Pb(Zr 0.52 Ti 0.48 )O 3 (PZT) nanofibers. 23 We propose that the enhancement of the ME coefficient is closely related to the structure of the heterostructure. As is known, an in-plane magnetic field can make the Co layer generate a remarkable in-plane compressive strain and out-ofplane tensile strain due to its large magnetostriction effect. When the in-plane compressive stain is transferred to the BFO layer, the out-of-plane lattice constant of the BFO may be increased. 22, 24 This feature can increase the polarization characteristic along the c axis, [25] [26] [27] which primarily contributes to the increase in the piezoresponse of BFO. 22 On the other hand, the out-of-plane tensile strain may also directly stretch the BFO layer along the lateral surface of the Co layer. Although this process may also account for the enhancement of piezoresponse, the magnitude of enhancement is much smaller due to a smaller contact surface area. 22 To confirm the significant ME coupling in the heterostructure, we have further studied the converse ME effect via the magnetization changes induced by the ferroelectric phase transition. The magnetization states of nanomagnets can be characterized by magnetic force microscopy (MFM) before and after the application of voltage. Note that we use low-moment tips for the sake of avoiding the interference of the magnetic tip with the magnetization states of the nanomagnets. The MFM tip is magnetized along the vertical direction of the substrate, which is sensitive to changes in the vertical components of magnetic fields. A bright contrast indicates that the tip is repelled, while a dark contrast shows that the tip is attracted to the sample. The control of magnetization in our nanodot arrays via the electric field can be clearly confirmed by the MFM switching characteristics before and after electrically writing the region (see Fig. 3 ). The MFM images of initial states show that most of the nanomagnets are magnetized in one direction (rightward) and exhibit a single domain, similar to the domain states observed in supplementary material Fig. S1 . After a þ7 V voltage is applied to the region, most of the single domains are switched into the vortex states. Subsequently, when we increase the voltage to þ8 V, the vortexes are unaffected. It should be noted that this transformation is not a special case and can be widely observed in the nanodot arrays. A small region is highlighted in detail to present the magnetization switching more clearly (see supplementary material Fig. S3 ). The intriguing phenomenon can also be confirmed by previous phase field simulations. 28 It is demonstrated that both the single domain state and the vortex state show a minimum energy in the initial state of the Co thin film, but there exists an energy barrier between them. 28 When an external outof-plane voltage is applied, a transient T/R-phase may occur in the BFO layer. 29 Since the in-plane lattice constant of the R-phase (a $ 0.40 nm) is larger than that of the T-phase (a $ 0.3665 nm), such a phase transition brings about an inplane tensile stress. When the tensile stress is transferred to the Co nanodots, the easy magnetization axis of Co tends to move along the in-plane direction, 30 which drives the switching from the single domain state to the vortex state.
Our above results have demonstrated that the magnetization state of the Co nanodots can be significantly changed by applying a regional writing model of the voltage electric field through converse ME coupling, which demonstrates a great potential utility in the application of ME memory devices. However, in the field of practical applications, a controllable nanodot writing mode is preferred. Therefore, we have further investigated whether a similar domain transformation in the nanodots can be realized by a single-nanodot writing mode. Figures 4(b) and 4(c) illustrate the MFM images taken before and after electrically writing a single nanodot by þ7 V. The initial magnetization orientation of the nanomagnet is found to be a single domain. An obvious change in the MFM contrast is observed after applying an electric bias, which strongly suggests that the single domains transform into the vortex states. This feature verifies that domain transformation can also be realized by a single-nanodot writing model, which is highly appreciated for practical applications. It should be noted here that the magnetizations of some nanodots cannot switch under the application of the vertical electric bias. This may be attributed to the inhomogeneity of the BFO, such as the surface roughness, resulting in an applied tensile strain that is not uniformly strong enough to overcome the ME energy of the nanomagnets to switch the magnetization state. However, we find that the vortex state cannot be switched back to the single-domain magnetization state in our experiments even if we apply a voltage of À9 V (see supplementary material Fig. S3 ). Meanwhile, when the applied voltage is decreased to zero, the vortex domains remain unaffected. However, the robust vortex domains can recover back to the single domains by applying a large external in-plane magnetic field. The MFM images in Fig. 4(d) clearly demonstrate that the vortex states transform back into the uniform single-domain initial states when we apply a magnetic field of 1200 Oe. However, we find that some of the single domains (nanodots marked as "1") do not exactly orientate along the direction of the applied in-plane magnetic field. This may be attributed to the inhomogeneity of the Co film, which results in a higher saturation magnetic field.
In conclusion, we have systematically explored the fabrication techniques and the ME coupling effect of nanoscale ferromagnetic Co arrays on the ferroelectric BiFeO 3 (BFO) substrate. Periodic arrays of Co/BFO heterostructured nanodots with diameters ranging from 300 nm to 350 nm are fabricated by using thermal evaporation and the ultrathin nanoporous anodic alumina (AAO) membrane. By measuring the piezoresponse hysteresis loops of these nanodots, we find an enhancement of ME coupling at room temperature and that the corresponding ME coefficient is two orders of magnitude higher than quasi (0-3) type thin films. More intriguingly, based on the strong ME coupling, we can realize a magnetic domain transformation from the initial single-domain state to a vortex state by applying a regional or a local voltage. After applying an in-plane magnetic field, the vortex can be switched back to the original state. These results provide us an opportunity to realize high-density, nonvolatile ME devices.
See supplementary material for the saturated phasevoltage hysteresis loop and the butterfly-like amplitude-voltage hysteresis loop (S1), the piezoresponse hysteresis for different regions of the heterostructure (S2), and magnetic domain evolution with the variation of the electric field and the magnetic field (S3).
